A major objective of the experimental program in the last phase of the W7-AS stellarator was to explore and demonstrate the high-β performance of advanced stellarators. MHD-quiescent discharges at low impurity radiation levels with volume averaged β-values of up to β = 3.4% have been achieved. A very important prerequisite was the attainment of the high density H-Mode (HDH) regime. This was made possible by the installation of extensive graphite plasma facing components designed for island divertor operation. The co-directed neutral beam injection provided increased absorbed heating power of up to 3.2 MW in high-β plasmas with B 1.25 T. The anticipated improved features concerning equilibrium and stability at high plasma β could be verified experimentally by the comparison of x-ray data with free boundary equilibrium calculations. The maximum β found in configurations with a rotational transform around ι = 0.5 is determined by the available heating power. No evidence of a stability limit has been found in the accessible configuration space, and the discharges are remarkably quiescent at maximum β, most likely due the increase of the magnetic well depth. An increase in low m/n MHD activity is typically observed during the transition towards high β. The beneficial stability properties of net-current-free configurations could be demonstrated by comparison with configurations where a significant inductive current drive was involved. Current driven instabilities such as tearing modes and soft disruptions can prevent access to β-values as high as in the currentless case. The experimental results indicate that optimized stellarators such as W7-X can be considered as a viable option for an attractive stellarator fusion reactor.
Introduction
The inherent capability of stellarators for steady-state and disruption-free operation opens up the possibility of developing attractive fusion devices on the basis of stellarators and helical confinement systems. However, considerable effort is needed to design stellarator configurations with sufficiently reduced neoclassical transport along with adequate equilibrium and stability properties to achieve a plasma beta in the required range of about 5%. Here, beta defined by β = 2µ 0 p/B 2 is the volume averaged plasma pressure normalized to the magnetic field pressure, and therefore is a measure of the efficiency of magnetic confinement. The confinement properties of stellarators can be optimized by appropriate three-dimensional shaping of the equilibrium flux surfaces exploiting quasi-symmetry and linked mirror configurations [1] . A variety of concepts differing in geometric and magnetic field parameters such as aspect ratio, number of field periods, rotational transform, shear, symmetry properties etc. is presently under investigation or preparation.
A key parameter quantifying the perturbation of the magnetic configuration by pressure driven equilibrium currents is the ratio j 2 || / j 2 ⊥ , where j || is the Pfirsch-Schlüter current density arising from the non-zero divergence of the diamagnetic current density j ⊥ . The Pfirsch-Schlüter current is a consequence of variations of the magnetic field strength (in particular, the poloidal variation of 1/B
2 ) in the magnetic and constant pressure surfaces, which cannot be completely eliminated in toroidal confinement devices. The associated vertical field perturbation leads to a horizontal shift of the flux surfaces (Shafranov shift).
The existence of the Pfirsch-Schlüter current adversely affects the plasma confinement in many respects. First, the associated magnetic perturbation leads to a destruction of flux surfaces beyond a critical value of j || , and hence the magnitude of the Pfirsch-Schlüter current determines, eventually, an equilibrium pressure limit. Actually, the Pfirsch-Schlüter current exhibits a singularity at each rational surface ι = n/m if resonant magnetic field harmonics with n toroidal and m poloidal periods are contained in the spectrum of the magnetic field strength. Second, the ratio j 2 || / j 2 ⊥ also determines the magnitude of the particle drift motion out of the constant pressure surfaces and, hence, the properties of neoclassical and Pfirsch-Schlüter transport. Third, instabilities driven by j || , particularly interchange and ballooning modes at rational surfaces, may prevent one from achieving a sufficiently high plasma beta. Reducing the poloidal variation of 1/B 2 will also result in lower bootstrap currents, which may cause undesired changes in the magnetic configuration. In addition, poloidal plasma rotation, and thus the transition to enhanced confinement modes by sheared flow suppression of turbulence, will be facilitated.
The WENDELSTEIN 7-X device [2] , which is now under construction, will be an extensively optimized stellarator involving largely reduced Pfirsch-Schlüter current densities. The configuration is characterized by pronounced three-dimensional shaping and a relatively large rotational transform ( ι ≈ 1) since j 2 || / j 2 ⊥ ∝ 1/ ι 2 . The profile of the rotational transform ι(r) (iota-profile) is intended to be a trade-off between the avoidance of low-order rational surfaces and the presence of moderate shear to ensure high quality magnetic surfaces and MHD stability up to β ≈ 5%. A magnetic well in the vacuum configuration throughout the plasma volume is realized to provide a stable path from plasma start-up to maximum beta. Five field periods have been chosen as a compromise solution to minimize the connection length between good and bad curvature regions. This provides sufficient stability against ideal ballooning modes, and, at the same time, limits the machine size to an acceptable value. A linked mirror type magnetic field is chosen so as to shift deeply trapped particles into regions of small curvature where the drift is reduced. An auxiliary condition for the optimized magnetic configuration is its compatibility with an efficient power and particle exhaust system, which is a prerequisite for stationary operation.
Wendelstein W7-AS has been designed as a first step from a classical stellarator, like its predecessor W7-A [1] , towards the fully optimized stellarator W7-X. In particular, a reduction of the average geodesic curvature was accomplished in W7-AS as a result of an average elongation and a consequent reduction of j 2 || / j 2 ⊥ by a factor of 4 compared to an equivalent classical l = 2 stellarator. Correspondingly, the Shafranov shift should be reduced and the equilibrium limit increased by a factor of about 2.
A major goal of the Wendelstein experimental programme is to verify the major elements of stellarator optimization experimentally and to develop the route towards steady-state plasmas close to operational limits. The emphasis in this paper is mainly on MHD-equilibrium and stability issues in high-β plasmas and their relevance for steady-state operation. The data may also serve to benchmark elements of the physics of three-dimensional configurations. Other aspects of stellarator optimization, neoclassical transport, minimization of the bootstrap current and exploitation of the magnetic island structure at the plasma periphery (island divertor [3] ) are not within the scope of this paper. The issue of fast particle confinement and fast particle induced effects, particularly in high-β plasmas, are briefly treated in connection with the assessment of the efficiency of neutral beam injection (NBI), and the de-stabilization of Alfvén instabilities by circulating resonant fast ion populations.
The role of the Pfirsch-Schlüter currents in stellarators and other helical systems can be assessed experimentally by measurements of the Shafranov shift. For this purpose oneand two-dimensional equilibrium profile data have been analysed including soft x-ray [4] [5] [6] and spectroscopic [7] emissivity measurements. In addition, Pfirsch-Schlüter currents can be verified directly by the associated vertical magnetic field, which has been measured with suitable flux loops at the top and bottom of the plasma [8] [9] [10] [11] .
The recent experimental progress will be described in section 2. The confinement properties and operational limits will be discussed in section 3. In section 4, we focus on measurements of plasma equilibrium parameters and a comparison with theoretical predictions. Section 5 summarizes experiments with toroidal current drive. A survey of the multifaceted manifestation of MHD instabilities is given in section 6. An attempt is made to correlate the appearance of MHD modes with computational studies using MHD stability codes. Finally, we will summarize the results and present the conclusions.
The W7-AS device and the route towards improved high-β scenarios
The magnetic field (B 2.5 T) with five toroidal field periods is generated by a set of non-planar twisted coils. Additional planar toroidal field coils allow us to vary the vacuum rotational transform in the range 0.25 ι 0.65. The global magnetic shear is very small in net-current-free low-β plasmas. According to equilibrium code calculations it increases, typically, from ι/ ι ≈ ±0.04 in the vacuum configurations up to ι/ ι ≈ 0.3 in high-β configurations due to the increasing Shafranov shift. Concurrently, the magnetic well depth increases up to B/B ≈ 0.08. Major resonances at low-order rational ι-values such as ι = n/m = 1/2, 1/3, . . . can be excluded from the confinement volume due to the relatively low magnetic shear, at least at low-β. The average major and maximum effective plasma radii are R = 2 m and a eff 0.2 m (a eff 0.16 m after installation of divertor plates), respectively.
A separate power supply for the five large modular coils at the corners of each field period is used to change the modular field ripple or the mirror term of the configuration. Further flexibility for changing the magnetic configuration is achieved by vertical field coils and an Ohmic transformer. The latter is normally used to compensate for toroidal plasma currents such as bootstrap-and Ohkawa-currents to maintain zero toroidal net-current and control the edge rotational transform. Accordingly, the vacuum configuration is completely determined by the four current ratios I t /I m , I v /I m , I 5 /I m and I cc /I m , where I m , I t , I v , I 5 and I cc are the currents through the modular, toroidal field, vertical field, corner and control coils, respectively.
The ten control coils are saddle coils (two at the top and bottom in each of the five field periods), which allow us, in particular, to adjust the size of the natural boundary islands at resonant iota-values ι = n/m with n = 5 and m = 8, 9, 10. The island divertor concept [12] , which utilizes the flux diversion by edge island chains, has been experimentally studied with regard to solutions for the power exhaust in W7-X [13] and the Helias reactor. The ten open divertor modules (one top-bottom pair per field period) extend about 0.7 m in the toroidal direction and are centred around the positions of the elliptically elongated plasma cross section. Because of the limited NBI pulse length of 2 s no active cooling, heating or pumping of the graphite divertor plates was installed.
The limitation of the available heating power requires low magnetic field operation at maximized densities to access the high-β regime. Under these conditions electron cyclotron wave heating cannot be applied unless advanced heating scenarios based on mode conversion into electron Bernstein modes via the O-X-B process are used [14] . Plasma heating, thus, relies only on NBI. Before installation of the divertor the plasma was bounded by limiters, and high power NBI (up to 3.4 MW 50 keV hydrogen or deuterium injected by two beam lines) has resulted in loss of particle control and early termination of the plasma by radiation collapse. This effect could be mitigated to some extent by increased graphite shielding of plasma facing components (PFC) and boronization of the vacuum vessel. Only in the cases of magnetic fields with B 1 T, where the particle confinement deteriorates, could quasi-stationary discharges be established with β 2%. We show subsequently that, after installation of the island divertors, the high-β performance of W7-AS has greatly improved. Despite the favourable dependence of the confinement on iota, configurations with ι < 0.5 were preferred because a higher stored energy was achieved due to a larger plasma radius. For this range of iota the ι = 5/m resonances involve perturbations with higher m and, therefore, shorter decay lengths leading to smooth flux surfaces at the plasma boundary.
The installation of the divertor resulted in two major beneficial effects. First, improved impurity control could be achieved due to the substantially increased graphite coverage at the plasma boundary. Second, configurations with higher rotational transforms, which are advantageous because of better equilibrium and confinement properties (equilibrium β-limit β EL ∝ ι 2 ), could be exploited by using the control coils to compensate for the edge islands. These configurations are indeed different from proper island divertor configurations, but the benefit of an enhanced plasma radius dominates in high-β operation, particularly because the plasma temperature has to be kept above a critical value with regard to a thermal collapse.
Another essential improvement was achieved by aligning the previously counter-injecting NBI beamline in the co-direction. Here, co-injection actually refers to injection opposite to the field direction, where the beam driven current (Ohkawa current) leads to an increase of the total rotational transform. In previous experiments at low magnetic field, a very low efficiency of the counter-beams has been observed. According to beam deposition calculations the change from counter-to co-injection results in a very significant increase of the absorbed heating power. This is particularly the case at low magnetic fields, where a large fraction of the counter-injected ions experience large orbit losses. The transition from balanced to all co-injection produces toroidal currents up to ≈3 kA, which are compensated by the OH current drive. This may cause ambiguities in the iota profile, which are very difficult to resolve, given the experimental errors of the profile data. Due to the relatively large plasma viscosity, the toroidal rotation induced by the beams remains below about 10% of the thermal ion velocities.
Confinement of high-β plasmas

Optimization of high-β discharges
Due to the increased wetted graphite area provided by the divertor target plates, boronization was only occasionally required. On the other hand, glow discharge cleaning had to be applied frequently in order to control the plasma density. The vertical field B z was optimized in order to centre the plasma between the inner and outer divertor plates in the high-β phase, thereby maximizing the plasma volume. In most cases a constant B z was used. This pushed the vacuum configuration against inboard vessel installations and scraped off a large part of the plasma cross section. During the evolution of high-β plasmas the plasma is shifted horizontally outwards and expands in size. Consequently, during the plasma start-up phase, unfavourable conditions with regard to beam absorption and confinement have to be accepted. According to three-dimensional equilibrium calculations, iota at the edge decreases with increasing plasma beta, leading to changes of the edge resonances. Therefore, the optimum settings for the control coils differ during the discharge. The effect of the control coils on the plasma beta is illustrated in figure 1 . Without the control coil field the confinement is bad in the high-β phase and the plasma suffers thermal collapses. The flat region in the temperature profile at the plasma edge (R = 180-184 cm) indicates the presence of a large magnetic island or a stochastic region ( figure 1(b) ). The corresponding resonance is presumably not linked with ι = 5/10 or ι = 1/2 because ι(a) < 1/2. With increasing current in the control coils, the perturbation at the edge can be healed. However, in the low-β phase, where the edge iota remains in the vicinity of the resonance ι = 5/10, the islands are overcompensated and confinement is degraded. It is conjectured that pressure induced islands are created at rational surfaces in the high-β equilibrium by resonant field components inherent in the external magnetic field, which can be compensated to some extent by the control coils. This is presently being investigated with the three-dimensional equilibrium code PIES [15] . The presence of edge islands and their compensation by the control coils has also been deduced from the footprints of H α light and heat deposition on the divertor target plates. By applying proper control fields a transition from narrow structures (due to islands intersecting the target plates) to broad patterns typical for smooth flux surfaces aligned with the target plates are observed. Figure 2 shows time traces of an optimized high-β discharge reaching up to β = 3.4% with a central value, β 0 ≈ 7%. The optimum in magnetic field was found at B = 0.9 T. At lower fields, the NBI heating efficiency decrease was accompanied by a reduction in the optimum density. Good agreement was obtained between the plasma energies derived from the diamagnetic loop and the saddle coils indicating the presence of an isotropic pressure distribution. The analysis of the flux signal due to the Pfirsch-Schlüter current measured by the saddle coils was achieved by comparison to the calculated response of model equilibria by the DIAGNO code [8] . The fast ion pressure due to the tangentially injected neutral beam ions is expected to be in a range 10% of the thermal pressure under the present high collisionality conditions. For the case shown in figure 2 , the ratio of the fast ion pressure and the thermal pressure is β fast /β th ≈ 4%, the collisionality parameter at the plasma centre is ε 3/2 · ν * ≈ 1, the volume averaged slowing down time is t sl ≈ 1.2 ms and the global confinement time is τ E ≈ 4.3 ms. The discharge is stationary over a period corresponding to about 70τ E . The radiation profiles stay peaked at the plasma boundary throughout the discharge. Fast density build-up by strong gas puffing together with a well adapted stepping up of the NBI power are decisive in achieving the desired conditions. After reaching the density plateau the density feedback system is switched to a constant pre-programmed gas influx. This is found to help in avoiding changes in the edge parameters. The MHD activity is very low throughout the whole flattop phase.
Energy and particle confinement
An evaluation of the experimental energy confinement times has been made on a data base of ≈220 shots (including a number of shots during low-β phases) for which three-dimensional equilibrium VMEC [16] code calculations were available. The analysis was done on the basis of NBI power deposition profiles calculated with typical high-β plasma profiles for the range of magnetic fields used in the experiment. The calculations of the absorbed power were done with the FAFNER code [17] and a new code developed for W7-AS, which takes the orbit scrape-off by realistic in-vessel components into account. The latter gave comparable heating efficiencies for B > 1 T, but a, to some extent, faster decrease towards low fields.
In figure 3 (a), a comparison between the experimental confinement times and the empirical ISS95 scaling [18] is made. This data is collected from several stellarators and helical devices. The present W7-AS data are centred well above this scaling and better fit the W795 scaling [18] , exclusively derived from W7-AS low-β data. It is remarkable that this scaling is recovered even close to operational limits. The data points with highest plasma beta (data points with β 2.9%, marked by solid red symbols) do not show any indication of confinement degradation with respect to the other data. It should also be noted that the data set contains a number of cases where the equilibrium beta limit has been reached (see section 4). Also, most of the maximum beta discharges have densities within ±20% of the values predicted by the W7-AS density limit scaling [19] , since the favourable density scaling is exploited to maximize beta. The density limit itself is defined by the density beyond which the global confinement starts to degrade and the plasma eventually runs into a radiative collapse. In figure 3 (b), the volume averaged beta values for the same database are given as a function of the flattop time around the time of analysis normalized to the respective energy confinement times. The capability of maintaining high-β over periods as long as ≈100 energy confinement times is very encouraging with respect to achieving steady-state conditions in W7-X at relevant parameters.
The scaling of the global confinement has also been investigated by single parameter scans of the magnetic field and NBI heating power. The experimentally derived power dependence of the confinement could be well reconciled with the W795 scaling. However, some discrepancies occur concerning the magnetic field dependence. This can be partially resolved if the increasing radiation is taken into account, and if one assumes orbit losses higher than that predicted by the NBI deposition codes towards lower magnetic fields. A few measurements of fast ion losses were made during the B-scan with a scintillator detector close to the plasma edge [20] . These were consistent with such a hypothesis. However, these very localized measurements may not totally represent the total fast ion losses.
Most of the experiments were performed using hydrogen injection into hydrogen target plasmas (H 0 → H + ). This has been the preferred scenario with sufficiently high edge densities required for optimized island divertor operation. In addition, deuterium injection into deuterium target plasmas (D 0 → D + ) has been applied. In this case, only small effects related to the absorbed heating power and the confinement were expected. This is concluded from beam deposition calculations and experimental results obtained in other plasma regimes. Besides the potential for extension of the operational regime, another motivation for the D 0 → D + campaign was to exploit the neutron flux for fast particle confinement studies. In particular, beam switch experiments have been performed to assess fast ion losses and heating efficiencies at different power levels and magnetic fields. With regard to the global confinement, the plasma energies achieved in D 0 → D + experiments were noticeably lower compared to the H 0 → H + case. Furthermore, the discharges with optimized energy content could not be sustained in a quasi-stationary state due to increasing radiation losses, which significantly exceed those of hydrogen discharges. The reason for that could be the increased sputtering by deuterium ions and improved impurity confinement. The observed neutron fluxes are in the range 8 × 10 12 neutrons s −1 and are expected to originate almost entirely from beamplasma reactions. They are roughly consistent with fluxes predicted on the basis of estimated slowing-down distributions and absorbed power calculations. However, a detailed analysis, in particular, including studies of parameter dependences, is not yet available.
The relatively low level of impurity radiation in H 0 → H + high-β discharges with P rad /P abs 25% along with the observed quasi-stationary behaviour suggest short confinement times of the intrinsic impurities. The impurity transport properties have been studied in more detail by injecting iron tracer impurities using the W7-AS laser ablation system into a few, typical high-β discharges. The decay of the Fe-XVII line radiation (Fe 16+ ions dominate in the plasma core at central electron temperatures T e0 ≈ 0.3 keV) yields global impurity confinement times of τ Fe ≈ 12-13 ms. These times are quite small, compared to the energy confinement times of τ E ≈ 7-8 ms found in these cases. On the basis of collisioninduced impurity transport, which is dominated by Pfirsch-Schlüter fluxes in the collisionality regime of plasma and impurity ions, strong inward impurity fluxes are expected. This inward convection is driven by the pressure gradient and results in almost infinite confinement times as predicted by the SITAR transport code [21] . This inconsistency could be resolved by assuming an additional large diffusive flux in the gradient region. Modelling of the temporal evolution of the Fe-XVII signal can be achieved by a combination of changes in the heuristic diffusion coefficient and inward convection velocity. Using a constant diffusion coefficient of D = 0.4 m 2 s −1 , without the inward term, or likewise, higher diffusion coefficients in the presence of a rather moderate convection velocity centred in the gradient region (e.g. D = 0.8 m 2 s −1 , and v max = 20 m s −1 ), gave consistent results, within experimental errors.
The confinement of optimized high-β discharges described here exhibits all the features of the high density H-mode regime (HDH) observed for the first time in W7-AS island divertor configurations at higher magnetic fields and lower NBI powers [22, 23] . Energy confinement times well above the ISS95 scaling, very low impurity confinement times with τ imp /τ E < 2, a sharp transition into this regime beyond a critical density in the rangen e ≈ 2 × 10 20 m −3 , the preference of H 0 → H + scenarios, quasi-stationary behaviour, low MHD-activity, flat density profiles with large edge gradients and relatively low radiation losses peaked at the plasma edge were observed. Our results support earlier conclusions that the presence of large boundary islands is not a necessary pre-requisite to establish the HDH regime [23] .
Operational limits and relation to tokamaks
An attempt was made to compare the boundaries of the high-β operational regime with those of tokamaks. The basic concept is to adopt an equivalent toroidal current that produces the same rotational transform at the plasma edge as the transform produced by the stellarator coils. In particular, we equate the safety factor by q ψ (95%) = 1/ ι(a) and use toroidally averaged flux surfaces, which can be well described by elongation and triangularity parameters of κ ≈ 2 and δ ≈ 0.3, respectively. The shape parameters enter the relation between q ψ (95%) and the tokamak current. Using the approximate empirical fit given in [24] , the equivalent tokamak current can then be represented by
where
2 with ε = a/R inverse aspect ratio and a ≈ a eff / √ κ minor plasma radius. In this way, the density range covered by W7-AS high-β cases can be described in terms of a standard Hugill diagram ( figure 4(a) ), using the same database as in figure 3 . Most of the W7-AS data are close to the W7-AS density limit represented by the scaling [19] n W7-DL = 1.46
(absorbed power P in MW, volume V in m 3 , B in T), which is determined by the available power and radiation. All the data are in a range, which is not accessible by tokamaks. Due to the absence of net toroidal currents in W7-AS, density excursions beyond the density limit are not accompanied by violent MHD activity. During phases of excessive density, the plasma suffers a slow thermal collapse and recovers if the particle source is switched off or additional heating is made available.
The operational diagram given in figure 4(b) combines both, the Greenwald density limit given by n GWL = I eq /π a 2 [25] and the stability limit due to ideal ballooning modes, represented by the Troyon limit of the normalized beta β N = β /(I eq /a · B) [26] . The strong correlation between β N and the Greenwald factor n/n GWL is mainly caused by the application of I eq for normalization in both directions. Again the normalized data points of W7-AS are well outside the range of tokamaks. The approach to formally translate tokamak parameters defined in tokamaks for use in currentless stellarators may not reflect the underlying physics correctly. Therefore, further elucidation of comparing stellarators and tokamaks in this manner is needed.
Characterization of the plasma equilibrium
The experimental verification of improved equilibrium properties by partial magnetic field optimization is one of the central issues in W7-AS. The optimization parameter is approximately given by j
2 2/ ι 2 in stellarator configurations close to axisymmetry, low-β and small inverse aspect ratio ε t = r/R. Here, C 01 is the Fouriercoefficient of the magnetic field describing the toroidal curvature; C 01 = ε t in axisymmetric systems and conventional stellarators and C 01 ≈ 0.7·ε t (0.5·ε t ) in W7-AS (W7-X), respectively. The Shafranov shift then reads [27] :
and accordingly an estimate of the equilibrium beta limit can be derived by using the condition ∆/a ≈ 0.5 for the maximum tolerable shift. Equation (3) can be considered to describe the main dependences, but a quantitative analysis requires full three-dimensional equilibrium calculations.
The numerical tools used for planning experiments and equilibrium analysis are derived from the equilibrium code VMEC [16] , including the STELLOPT optimizer tool [28] . Various constraints can be accounted for with respect to the measured plasma energy, the plasma size resulting from the contact to the PFCs, pressure profiles and x-ray profile data.
In order to identify the most important effects that cause the saturation of beta in W7-AS, the dependence of the maximum achievable beta on the rotational transform has been investigated. The result of an iota scan is shown in figure 5(a) . The optimum case is in the vicinity of ι ≈ 0.5, where the magnetic field has been varied to yield maximum beta (two data points obtained at 0.9 T). The decrease of β towards low iota is attributed to pushing the plasma against the equilibrium limit causing increased energy transport. On the other hand, the reduction at high iota may be caused by the increasing complexity of edge islands, which cannot be properly suppressed by the control coils. The maximum beta achieved at ι = 0.52 almost coincides with the maximum values expected from the power balance on the basis of the W795 confinement scaling and densities corresponding to the W7-AS density limit scaling. The equilibrium limit was derived from calculated flux surfaces using the VMEC code. This gives higher values than those obtained from equation (3) . The strong dependence of the equilibrium beta-limit on the rotational transform is reflected in the flux surfaces ( figure 5(b) ) calculated with VMEC. The low-iota case ( ι = 0.30) exhibits a large Shafranov shift corresponding to the equilibrium limit, which is reached with β = 2.2%.
The beta induced effects on the plasma equilibrium flux surfaces have been investigated in various configurations by tomographic analysis of two-dimensional x-ray emissivity distributions near a toroidal plane with triangular surfaces. The original experimental set-up consisted of ten miniaturized x-ray pinhole cameras equipped with linear pn-photodiode arrays of 35 elements and mounted on a supporting structure inside the vacuum vessel [29] . The installation of the control coils required a modification of the system, in particular two cameras In the optimum range of iota the plasma beta can be raised further by decreasing the magnetic field to B = 0.9 T (2 data points). The decrease of β towards low iota is attributed to enhanced losses occurring as the equilibrium beta limit (upper solid line) is approached. The dashed lines represent estimates for the maximum beta, which can be achieved with the available power according to the W795 scaling at the density limit (for B = 1.25, 0.9 T).
(b) Flux surfaces calculated with VMEC for β = 2.2% and cases of ι = 0.57 (left) and ι = 0.30 (right). In the latter case, the equilibrium limit is reached in the elongated cross section plane.
had to be removed and the poloidal distribution of the cameras had to be changed. The reduction of poloidal resolution, however, did not have a significant impact on the reconstruction of the equilibrium surfaces. The surfaces were assumed to have constant x-ray emissivity. Actually, the graphite shield of the cameras acts as an inboard limiter during the low-β phase in highbeta configurations because of relatively large vertical fields used for compensation of the horizontal plasma shift. The x-ray measurements provide a measure for the shift of the hot plasma core, particularly the axis shift, which includes the free boundary shift of the plasma. The assessment of the Shafranov shift requires the axis position of a vacuum configuration with the last closed flux surface (LCFS) at the same position as in the finite-β case. Since this is inaccessible in plasma experiments, the experimental data were compared with numerical free-boundary equilibrium results from the VMEC code. Figure 6 summarizes typical results of the x-ray tomography analysis. The horizontal plasma shift along with changes in the flux surface geometry is clearly seen by comparing measured emissivity contours at different beta. The basic features of the x-ray tomograms agree well with the flux surfaces obtained with VMEC. However, frequently, the x-ray contours exhibit some indentation at the inboard side that is larger than that expected from the VMEC calculations on the basis of standard parabolic pressure profiles, thereby neglecting bootstrap and Ohkawa currents. These currents, albeit compensated altogether by an inductive current, may lead to locally unbalanced current densities and, therefore, to changes of the equilibrium, especially of the iota profile. In particular, a decrease in iota in the central region combined with increased peaking of the pressure profile, can lead to indented equilibrium flux surfaces, as suggested by experimental data and also seen in VMEC calculations. However, within the experimental uncertainties an unambiguous assessment of such effects cannot be made. Figure 6 (b) compiles the radial axis positions deduced from the peak positions in the x-ray emissivity as a function of the plasma beta and on the rotational transform. The basic dependences expected from equation (3) are reflected in the experimental data. The data are consistent with VMEC calculations, given the experimental errors and the assumptions used in the modelling. The results concerning the horizontal plasma shift are also consistent with the magnitude of the Pfirsch-Schlüter currents as obtained from modelling the signals of the top and bottom saddle coils with the DIAGNO code [8] .
The achieved results are considered to verify the equilibrium properties of the magnetic configurations and hence also the effectiveness of the partial optimization in W7-AS. This statement may be further substantiated by comparing calculated equilibria with those of an equivalent conventional l = 2 stellarator. In figure 7 (a) vacuum-and finite-β flux surfaces in the plane of the vertically elongated cross section for the W7-AS standard configuration with ι = 0.4 and for an equivalent l = 2 stellarator are shown. The axis shift relative to the geometric centre of the outermost flux surface is reduced, approximately, by a factor of 2 in the W7-AS configuration. The shift increases almost linearly with the volume averaged beta in both cases, as shown in figure 7(b) . Therefore, the equilibrium beta limit, assumed to coincide with /a hor = 0.5, is larger in W7-AS by about the same factor as that in the case of the l = 2 stellarator. The results shown in figure 7(b) refer to the plane shown in figure 7(a) , where the shift imposes the most strict equilibrium limit. Note that the finite axis shift in the W7-AS vacuum configuration is designed to form a magnetic well for stabilizing interchange modes in low-β plasmas.
Despite the improved equilibrium properties in W7-AS, a further reduction of the PfirschSchlüter currents is required, as anticipated in W7-X. This will eliminate the need for position control by a vertical field and allow sustainment of a constant edge configuration independent of the plasma beta ensuring power exhaust in steady state by the island divertor. The route to high-β configurations in W7-AS is connected with a substantial decrease in the edge rotational transform along with an increase in shear. In the optimum performance case ι(a) ≈ 0.49 in the vacuum configuration and ι(a) ≈ 0.38 in the case when β = 3.2%. One of the beneficial effects is the deepening of the magnetic well, which is induced by the Shafranov shift and has a strong impact on the MHD stability.
Experiments with externally driven toroidal currents
Using the flexibility of W7-AS provided by the OH-transformer, configurations with nettoroidal current have been established. The major intentions were:
(a) to investigate the potential impact of currents on the β-limits, which may change or become disruptive; (b) to compensate for the beta-induced decrease of ι(a); (c) to assess the role of shear by comparing normal, reversed and flat shear cases; (d) to extend the iota range; (e) to replace the external rotational transform by current-produced iota and to acquire a database concerning operational limits that may be of relevance for hybrid stellarators such as the projected NCSX device [30] .
Changes in the equilibrium flux surfaces are caused by the toroidal current due to the modification of the iota profiles and the additional hoop force, which can be compensated by a vertical field. Actually, the direction of the j × B z compensating force is opposite for co-and counter-current drives. Here, co-and counter-currents denote currents that lead to an increase and decrease of the total rotational transform, respectively. Experiments have been performed for both current directions. In figure 8, x-ray tomograms and the corresponding VMEC calculations for high-β discharges with co-and counter-current drive are compared. As in the case of net-current-free plasmas, the basic geometrical effects expected on the basis of VMEC model calculations have been reconciled with the x-ray tomography data. Again, a more subtle interplay between toroidal current densities of different origin and the pressure profile, as assumed in the VMEC calculations, may take place and contribute to reconciling the remaining discrepancies. First attempts have been made to determine current profiles resulting in optimum consistency between the x-ray data and the calculated flux surfaces [31] . The pressure-induced shear is compensated, in the counter-current case ( figure 8(a) ), by the reversed Ohmic current, whereas it is significantly increased in the co-current case ( figure 8(b) ). Therefore, the plasma axis shift is particularly large in the low-shear, low-iota configuration, producing clearly indented x-ray emissivity contours in qualitative agreement with the equilibrium code. The structures in the central flat part of the x-ray emissivity are partially artefacts due to reconstruction errors. The most deleterious effects are connected with the rational surfaces ι = 1/2 and ι = 2/3 occurring during current ramps in the co-direction. Figure 9 shows trajectories representing the evolution of beta as a function of the total edge transform within particular discharges, where the plasma beta was ramped up followed by current ramps in both directions. In each case the discharges were started with two different values of the external rotational transform.
During the co-current ramp, a steady increase of the plasma beta is observed in the low-iota case and this is attributed to the increase of the equilibrium beta limit. The latter is inferred from the constant and close distance of the trajectory along the equilibrium limit, which is taken according to figure 5. When the ι = 1/2 surface has moved into the current gradient region, the plasma energy collapses due to (m, n) = (2, 1) tearing modes. These have been identified by x-ray tomography and magnetic probes (m and n are the poloidal and toroidal mode numbers). The current experiences only transient dips during its ramp through iota resonances but the plasma does not recover when ι = 1/2 is eventually shifted out of the plasma. In the case of higher external iota, a similar collapse is provoked presumably by the onset of (m, n) = (3, 2) tearing modes at ι = 2/3. The analysis of the poloidal mode structure is ambiguous in that case. The stability analysis with a cylindrical -code predicted unstable current profiles at ι = 1/2 but stable profiles at ι = 2/3.
(b) (a) Figure 9 . Evolution of beta as a function of the total edge transform in discharges with significant toroidal (OH) current. Current ramps in the co-direction (a) provoke collapses of the plasma energy induced by tearing modes at ι = 1/2 and ι = 2/3. The counter-current cases (b) appear tearing stable, but fast MHD phenomena can take place at the equilibrium boundary.
Two examples of counter-current ramp experiments are shown in figure 9 (b). The discharge starting with an external iota of ι ext = 0.66 is MHD quiescent up to the maximum current and is limited by the flux of the OH transformer. In the case with ι ext = 0.52, the trajectory is shifted close to the equilibrium limit by the decrease of the rotational transform during the current ramp. Again, the energy transport adapts in such a way as to keep the trajectory at the equilibrium limit. Very frequently, fast ELM-like MHD bursts are observed at the equilibrium limit, in particular, at decreased temperatures and this leads to partial collapses of the plasma energy.
The discharges with counter-current ramps appear to be tearing-stable even in the case of crossing ι = 1/2 and 1/3. The enhanced stability against tearing modes in these configurations with reduced normal shear or reversed shear may be partially due to neoclassical stabilization. The observed dependence of tearing mode activity on external field perturbations produced by the control coils in the case of a co-current drive could be another indication of neoclassical effects.
The current ramp experiments not only reveal the stability behaviour of current driven modes and associated operational boundaries but also allow for dynamic configuration scans. In particular, the experiments have shown that ramps of the rotational transform during the discharges can provide supplementary information about the dependence of equilibrium properties on the rotational transform.
Studies of MHD stability in currentless plasmas
As shown in the previous sections, the most favourable high-β operation regime is found in netcurrent-free configurations with an external rotational transform close to ι ext = 0.5. Therefore, MHD phenomena such as current driven kink (neoclassical) tearing modes and disruptions do not exist and do not impose any constraints on the accessible operational range. The general stability behaviour can be described by very weak MHD-activity in the high-β regime with β 2.5%, low-frequency pressure driven global modes at low-order rational surfaces in the medium-β range and fast ELM-like bursts inducing crashes of the plasma energy, preferentially at low temperatures. In addition, transient activity of Alfvén-eigenmodes (AE modes) during the density ramp up is observed.
Global pressure driven modes
The origin of the low-β MHD activity is very likely connected with the use of relatively large vertical fields required to control the plasma position in the high-β phase. The vertical field leads to a reduction of the magnetic well of the vacuum configuration (significant at low beta). The increased stability in the high-β regime has to be attributed to the pressure induced deepening of the magnetic well. A further stabilizing effect is contributed by the increase of shear. These qualitative statements are substantiated by MHD stability code calculations that include the analysis of the local stability according to the Mercier-and resistive interchange criteria, of the ideal high-n ballooning stability and of the stability against pressure driven global ideal modes. Figure 10 shows a numerical stability analysis for a sequence of plasma equilibria at different beta, representing the time evolution of the optimum experimental case. Actually, the high-β discharges typically start in configurations that are Mercier-unstable throughout the plasma cross section. As beta increases, the plasma interior becomes stable but the plasma edge remains unstable. The evaluation of the Mercier criterion was extended beyond the experimentally accessible range of β(0) > 7%, where the stable region shrinks again. The global ideal mode analysis was treated with the CAS3D code [32] taking a free boundary condition and fluid compressibility into account. With the use of the full ideal MHD energy functional and the kinetic energy as normalization, realistic growth rates are given for unstable perturbations in figure 10(b) . Unstable modes are predicted at low beta progressively becoming more stable with increasing beta. No unstable modes are eventually found in cases with β > 2.5% in agreement with experimental data. The stability of ideal global modes depends sensitively on the iota profile. In the sequence used in this analysis, equilibria with β < 0.4% have a rotational transform that increases towards the plasma boundary ι < 1/2 (a) (b) Figure 10 . Stability analysis of equilibrium sequence in optimum high-β configuration (#51755, B = 0.9 T, ι ext = 0.52, β 3.3%). At low β the configurations are Mercier unstable throughout the plasma radius (a). With increasing β the resonant surfaces ι = 1/2 and ι = 1/3 are generated and move along the radius (dashed lines). The stable region first expands and shrinks again beyond the central beta value of β(0) ≈ 7% reached in experiment. The growth rates of unstable ideal MHD perturbations, as calculated by the CAS3D global stability code (b) decrease with increasing beta. No unstable modes were found for β > 2.5%.
everywhere. Passing the zero-shear case, all other cases with β > 0.4% have an iota profile decreasing towards the plasma boundary. The iota profiles gradually steepen with increasing beta. The rotational transform is near ι = 1/2 for the lowest-β cases of the series, or else attains ι = 1/2 in the plasma volume. The radial movement of the ι = 1/2 surface ( figure 10(a) ) may, therefore, contribute to the stabilization of the m = 2 mode at high-β as predicted by CAS3D and observed in experiments.
The connection between global mode activity and low-order rational surfaces, particularly with combined low beta and low shear, is presented in figures 11 and 12. Two cases are shown in figure 11 , where large amplitude pressure driven modes have been observed during the transition to high beta and the modes have disappeared again in the maximum-β phase. The mode frequency is in the range of several kHz and their poloidal structure and radial location corresponds to the particular rational surfaces at ι = 1/2 and 3/5, as expected from the equilibrium reconstruction. The mode structure is obtained from x-ray tomography and analysis of magnetic signals using singular value decomposition (SVD) methods. Strong ballooning behaviour is seen in both the x-ray and the magnetic data. This could be related to the increase of curvature in the good and bad curvature regions due to the Shafranov shift.
The example given in figure 12 shows another striking effect, revealed by the x-ray tomography data. The very large amplitude (m, n) = (2, 1) modes exhibit features of resistive modes driving large islands, as the modes shown in the previous figure. This is concluded from details in the x-ray signals, which are compatible with the formation of large cold magnetic islands, and from the observed mode locking phenomena. In the final phase, before the plasma suffers a partial collapse, the mode locks completely and the plasma splits into two hot parts. It is conjectured, that the cold islands, fostered by a low shear region in a large part of the plasma, progressively grow into the plasma core. The poloidal position of mode locking and splitting indicates a potential synergy effect by the (2, 1) error field found in the vacuum field of W7-AS [33] . Flat iota profiles close to ι = 1/2 are conceivable in the case of broad pressure profiles or particular internal current density profiles. The available experimental profile data are unfortunately insufficient to reconstruct the pressure and iota profiles. A stability analysis with the CAS3D code was made with parabolic and broad pressure profiles. Only in the second case, where the pressure gradient is larger near the boundary and iota is close to 1/2 in a wider range, is an unstable mode found. This mode is dominated by (m, n) = (2, 1) and centred in the region of the large pressure gradient, but extends over the whole plasma cross section (figure 12(e)).
Fast MHD crashes
As already briefly mentioned in section 5, fast MHD bursts causing a rapid decay of the plasma energy (within ≈100 µs) are occasionally observed but typically not in configurations optimized for high beta. The occurrence of such instabilities can almost precisely be provoked in discharges during reversed current ramp experiments. Under these conditions, the discharges can be started with relatively high plasma beta. These β-values may be in excess of values compatible with the equilibrium limit as the rotational transform is reduced in the ramp. The instability is not considered to be driven by the toroidal current itself but via the decrease of iota, which causes a local steepening of the pressure gradient at the outboard side due to the higher Shafranov shift. Similar crashes are also seen in currentless plasmas, more often in configurations with low rotational transform. The crashes occur typically in phases of decaying temperatures, reaching central values of ≈0.2 keV. The observations could be compatible with resistive ballooning or interchange modes, for which a scaling of the growth rates according to γ ∝ S −1/3 ∝ η 1/3 is predicted, where S is the Lundquist number and η the resistivity. Also, resonant free-boundary peeling instabilities may play a role. Variations of the external rotational transform during counter-current ramps and of the temperature by density and magnetic field scans have indicated that the critical temperature depends on how close the equilibrium is relative to the equilibrium limit or, equivalently, to the critical pressure gradient. In addition, some correlation with the vertical field is indicated, which influences the stability via the magnetic well. The analysis is not yet completed and, therefore, definite conclusions cannot be drawn. The characteristics of the instability are very similar to large edge localized modes (ELM). In particular, no magnetic precursor modes prior to the crash are seen. At most, a fast profile contraction appears in the x-ray emission immediately before the magnetic burst. The x-ray data also show the radial localization of the instability, which is deeper inside the plasma compared to regular ELMs but comparable with very large ELMs.
The explanation of the fast crashes in terms of ballooning modes is further supported by experimental results obtained in configurations of different modular magnetic field ripples, adjusted by I 5 /I m . The ballooning stability in these configurations is different due to the change of the curvature, local shear and connection lengths between good and bad curvature regions. Figure 13 shows pronounced bifurcations of the plasma beta, which are controlled by the presence of strong ELM-like bursts and depend on the magnitude of the field ripple. This behaviour is qualitatively consistent with the stability diagram shown in figure 14 . Here, stability boundaries of ideal ballooning modes are calculated by the COBRA code [34] as a function of the coil current ratio I 5 /I m . The calculations were based on free-boundary VMEC equilibria assuming parabolic pressure profiles. The field line integration was truncated after seven periods, which emphasizes medium-n modes. In the two stable regions corresponding to first and second stability all surfaces have been found to be stable. In particular, the bifurcated β-vales at I 5 /I m > 1 are close to the first and second stability boundaries. The standard case with I 5 /I m = 1 appears to be most stable as indicated by the small gap between the first and second stability regions. 
Alfvén instabilities
Alfvén eigenmodes (AEs) have frequently been observed in NBI heated plasmas [35] . In low β plasmas, in particular in cases with a relatively large fraction (>10%) of resonant energetic particles in the slowing down distribution, they are typically the origin of the most prominent and relevant MHD-activity found in W7-AS. The characteristics of these modes ranges from coherent low-frequency (<40 kHz) global AE (GAE) in low-shear configurations to toroidicity and ellipticity induced AEs (TAE and EAE) in the case of increased shear, with frequencies typically in the range 40-100 kHz. Also bursting mode activity up to frequencies of ≈300 kHz is often observed, which may be attributed to modes residing in higher gaps, in particular in helicity and mirror induced gaps (HAE and MAE). Numerical modelling for typical W7-AS cases has been performed by a number of different approaches [36] [37] [38] [39] [40] . Because of their potential danger with respect to fast particle confinement, further experimental and theoretical studies are required to assess the effects due to AEs in reactor-relevant stellarator plasmas. This is an important aspect, since the stability of energetic particle driven modes is usually not accounted for in stellarator optimization.
As far as the high-β plasmas in W7-AS are concerned, essentially no AE mode activity is observed during the flat-top time of typical high-β discharges. However, a transient and very pronounced excitation of Alfvén instabilities is usually established after switching to full NBI power and during ramping up of the density. The mode stabilization at higher densities is most probably induced by the increased collisionality, which leads to reduced fast ion content in the plasma and hence to a diminished drive of the modes. Also, gaps in the Alfvén continuum spectrum could become closed by the increase of shear in this phase. Figure 15 shows a typical example of such MHD activity, which is triggered by stepping up the NBI heating power. The mode activity consists of different lines in the frequency spectrum below 300 kHz, as seen in the magnetic data. On a short timescale, the temporal behaviour of the modes within the unstable time window of ≈30 ms is characterized by bursting and chirping phenomena rather than by coherent oscillations. The slow density increase during this phase is reflected in the slow decay of the average Alfvén speed, which attains approximately one-half of the maximum injected ion velocity. The signal representing an estimate of the fast ion beta normalized to the thermal beta and hence of the fast particle drive is derived from slowing down calculations using the time histories of the NBI power, the density and the electron temperature. The transient increase of β fast / β th , reaching a level of ≈10%, is well correlated with the excitation of the modes and indicates the proximity to marginal stability.
In order to identify the observed modes, the Alfvén continuum was calculated, and AEs residing in gaps of the continuum were found. The Alfvén continuum was calculated with the continuum code COBRA [39] ( figure 16 ). Similar spectra were obtained with the CONTI and STELLGAP [36] codes. It follows from figure 16 that the experimentally observed frequencies correlate with calculated gaps in the continuum spectrum. Eigenmode calculations with the BOA-E code [40] showed that various eigenmodes with the frequencies coinciding with those of the observed instabilities existed during the period 0.26-0.295 s, namely, HAE 31 at 210-230 kHz (the subscripts denote the poloidal and toroidal coupling numbers responsible for the appearance of the mode), HAE 41 at 150 and 180 kHz, NAE (Noncircularity-induced AE) at 100 kHz, EAE at 50 kHz, and TAE at 25 kHz. All the modes except for the 25 kHz TAE have large poloidal mode numbers (m = 10-20). The low-frequency TAE has small mode numbers (m = 4 and 5). Low-frequency eigenmodes were also observed in calculations with the CAS3D code (right-hand side of figure 16 ), which evaluates the response with respect to global modes in a special spectral modus, where forced free-boundary ideal modes are excited by an oscillating magnetic field containing sufficient poloidal and toroidal harmonics.
Summary and conclusions
The advanced stellarator Wendelstein W7-AS ended operation in the middle of 2002. The device has been an important link between the family of classical l = 2 stellarators and the modular Helias type stellarator W7-X, which is optimized to a large extent with regard to fusion Figure 16 . Alfvén continuum spectrum predicted by the COBRA code for the discharge shown in figure 15 (left). Dots show the calculated continuum frequencies for several radii. The calculated boundaries of major gaps labelled by the respective poloidal and toroidal coupling numbers are shown as solid lines (in particular, the TAE gap is (1, 0), the EAE gap is (2, 0), the HAE 21 gap is (2, 1) etc.). The observed frequencies indicated in the middle on the frequency scale correspond to global eigenmodes found with the BOA-E code. The right-hand side contains a filtered response function calculated by the CAS3D code as a measure of resonances due to global modes. Most of the modes predicted by the CAS3D code reside in the TAE (1, 0) and EAE (2, 0) gaps. reactor requirements [1] . In the last phase of the W7-AS programme the machine was upgraded by changes in the NBI heating system and by the installation of a modular divertor in order to provide insight into the nature of operational limits and to prepare the technical basis for steadystate operation. The volume averaged plasma beta could be significantly increased to values in excess of 3% in configurations with edge islands being suppressed using the divertor control coils. Another important improvement is the achievement of quasi-stationary plasma operation compatible with the maximum beta. Also remarkable is the retention of good confinement properties up to the maximum beta values. The energy confinement remains clearly above the ISS95 scaling. The particle confinement in the high-β, high-density regime is only about twice the energy confinement time and, therefore, discharges with density control and low impurity radiation losses can be established. Even though less pronounced, the confinement properties exhibit all the features of the HDH mode found first in island bounded divertor configurations. The implementation of similar confinement scenarios will be a major challenge for W7-X.
The limitation of plasma beta in W7-AS depends on the equilibrium properties of the configurations. In the optimum case with the external rotational transform in the vicinity of ι = 1/2, the achievable beta is solely limited by the available heating power. On the other hand, the maximum beta is progressively reduced towards an equilibrium β-limit according to a critical value of the Shafranov shift, which strongly increases in low-iota configurations. The adjustment of beta at the equilibrium limit takes place by enhanced transport in most cases, involving neither MHD instabilities nor disruptive processes. An important result of the experiments is that the magnitude of the observed Shafranov shift, as well as its dependence on the rotational transform, is consistent with predictions for W7-AS. Hence, the partial optimization of the equilibrium in W7-AS by reducing the Pfirsch-Schlüter currents could be benchmarked by experimental data. This also provides increased confidence in the predicted (and required) immunity of W7-X configurations against pressure induced changes in the equilibrium.
Concerning the MHD stability, the most important result is that pressure driven MHD instabilities neither play a role in the range of highest β nor cause any limitation of the plasma pressure. Sometimes very pronounced mode activity can occur at intermediate beta. This is also qualitatively consistent with numerical three-dimensional MHD code predictions, even though experimental uncertainties often inhibit a detailed modelling of the observed MHD phenomena. Energetic particle driven global Alfvén instabilities are found to be irrelevant in W7-AS high-β discharges but their role in W7-X and in a Helias reactor has to be reconsidered.
The experience with toroidal currents in W7-AS shows that, in fact, the rotational transform due to the plasma current can be used to establish configurations with different rotational transforms. However, additional operational limits are introduced by current driven MHD modes causing thermal collapses, in particular at ι = 1/2. These results have been partially accounted for in the design of the projected current carrying quasi-axisymmetric NCSX device.
Besides the equilibrium benchmark aspect and the development of steady-state scenarios, the relevance of the W7-AS high-β programme for W7-X and other optimized stellarators, could consist of the manifold data on MHD phenomena. These data provide a challenge for three-dimensional MHD theory and may foster the development of advanced MHD codes.
